This paper presents the development of an intelligent uninterruptible power supply (UPS) system with hybrid power sources of a proton exchange membrane fuel cell (PEMFC) and a battery, focusing on the architecture of UPS hybrid system and the data acquisition and control of PEMFC. The hybrid UPS system consists of a low cost 60-cell 300W PEMFC stack, a 3-cell lead-acid battery, an active power factor correction AC/DC rectifier, a half-bridge DC/AC inverter, a DC/DC converter, an AC/DC charger and their control units based on the digital signal processor TMS320F240, other integrated circuit chips, and a simple network management protocol adapter. Based on 2 the designed intelligent hybrid UPS system, experimental tests and theoretical studies were conducted. Firstly, the major parameters of the PEMFC were experimentally obtained and evaluated. Then an intelligent control strategy for the PEMFC stack was proposed and implemented. Finally, the performances of the UPS with the fuel cell/battery hybrid power source and intelligent control were measured and analysed.
Introduction
Uninterruptible power supply (UPS) systems play a very important role as the backup and emergency power supply for important applications, such as computers, medical/life support systems, communication systems, office equipments, hospital instruments, industrial controls and integrated data centre to supply uninterruptible and reliable constant voltage and constant frequency power in case of power failure [1, 2] .
An ideal high-performance UPS system should provide a clean and regulated sinusoidal output voltage with low total harmonic distortion (THD) for both linear and nonlinear loads, fast transient response to sudden changes of the input voltage or load, on-line operation which means zero switching time from normal to backup mode and vice versa, 3 low THD sinusoidal input current and unity power factor, high power density, high reliability, high efficiency, low electromagnetic interference (EMI) and acoustic noise, electric isolation, low maintenance, and low cost, weight and size. With the fast development of personal computers, information technology and network communication technology, the UPS products will take an increscent part in the industrial and domestic markets. In contrast to the traditional ones, modern UPS power source technologies are developed towards high switching frequency, miniaturisation, redundancy, digitalisation, intelligence and networking. The key embodiment of the intelligent UPS system is the monitoring functions of abundant hardware and software.
However, a UPS system based on batteries only is hard to provide sufficient backup power to critical loads, especially when relatively long time supply is necessary [3] .
Hence, other energy sources and storage technologies, such as the fuel cell (FC), have been investigated to replace the batteries. Since the FCs can provide electrical power with high energy density, high efficiency and no pollution, they are considered as a promising technology for UPS products. In the near future, the proton exchange membrane fuel cell (PEMFC) and liquid-fed direct methanol fuel cell (DMFC) based on hydrogen are the most promising FCs due to their excellent dynamic characteristics.
The present lifetime capabilities of PEMFC are suitable for backup UPS applications.
Furthermore, the PEMFC technology fully complies with the demand for a fast cold start (a few seconds) [4, 5] . 4 The UPS system with backup PEMFC and battery hybrid power source should ensure that there is enough fuel and battery capacity for providing the power needed by the external load. When the utility grid power source is interrupted, the hydrogen will be supplied to the PEMFC stack. However, during the start-up of PEMFC stack, or a sudden change of external load, the hydrogen cannot be fed fast enough, and the fuel cell stack may take a few seconds to reach the required output voltage. To overcome this problem, the rechargeable battery or supercapacitor can be employed to respond fast to the external load and protecting the PEMFC from excessive use. This paper presents an intelligent hybrid UPS system with the PEMFC/battery hybrid power sources developed for backup and emergency power applications. Fig. 1 shows the schematic diagram of the system, including a 300 W PEMFC stack, a 3-cell lead-acid battery, a single phase high frequency UPS, and the intelligent control and communication units. The UPS is composed of an AC/DC rectifier, AC/DC charger, DC/AC inverter and DC/DC converter, and can supply the linear and nonlinear loads with the uninterruptible AC power. The PEMFC stack operates on hydrogen and air.
Because of the slow dynamic performance of the PEMFC stack, a small capacity battery is employed to improve the responding time to sudden change of the load. The intelligent controller controls the automatic operation of the whole system, which includes when there is a power failure, disconnecting the system from the utility grid 5 supply, connecting the battery to the DC/DC converter and DC/AC inverter to maintain the uninterrupted AC power supply to the load, starting the PEMFC as a longer term power source, and switching the power supply back to the utility grid when the utility power is resumed. Through the RS-232 or USB interface, the simple network management protocol (SNMP) adapter and specially designed software, the UPS hybrid system can realise the functions of telecommunication, control and power management. 
PEMFC generating and testing system
The PEMFC generating and testing system, as shown in Fig. 2 [6] [7] [8] , consists of a PEMFC stack, water-cooling components, air-cooling, H 2 humidifying and filtering, and temperature and pressure monitoring. Three types of gases: hydrogen, nitrogen and air/oxygen, are used in the system. The data acquisition and control devices and software have been designed and can be used to control the whole process of the PEMFC generating and testing system and to measure the operational parameters, such as the working temperature, voltage and current of the PEMFC, the pressure, input and output mass flows, and humidity of the hydrogen and air/oxygen, the voltage and current of the battery, and so on. In the PEMFC generating and testing system, there are lots of functions that could be selected, such as the humidifying of the hydrogen and air, the use of air rather than oxygen, and water-cooling or air-cooling.
For the experimental setup, a 300 W PEMFC stack has been employed [9] . It is a self-humidified, air-breathing and 60-cell stack with an overall size 10.5 x 7.0 x 22.0 cm 3 . Three fans are used to supply the air and cool the stack, which has a maximum operating temperature of 65℃ and an operating pressure of 4.55-5.5 psi for hydrogen. 
Hardware designs of UPS system

DC/AC inverter
With the rapid development of modern power electronics technology, the digital control 8 of power converters using advanced DSP has become an active research area [11] .
Digital controllers are immune to drifts, insensitive to component tolerances, ease to implement, and flexible with the control rules by software updating. Compared with the analogue control, the digital control UPS is easier to realise the advanced operations.
In the UPS hybrid system, a DC/AC inverter controlled by the TMS320F240 DSP was designed to supply the load with a pure sine wave, as shown in Fig. 4 , where the half-bridge inverter, LC filter and load are considered as the plant to be controlled.
Since the switching frequency (the designed operating frequency = 20 kHz) is much higher than the natural frequency and modulation frequency, the dynamics of the DC/AC inverter are mainly determined by its LC filter. The dead-time effect and inevitable loss in every part of the DC/AC inverter cause little damping. The damping effect can be considered by using a small resistor connected in series with the filter inductor [8] . By the sinusoidal pulse width modulation (SPWM) control principle, the DC/AC inverter can convert the ±380 VDC into a 220 VAC pure sine wave.
[ Fig. 4 . Circuit schematic model of DC/AC inverter]
AC/DC rectifier
A boost active power factor corrector (PFC) with 160-275 VAC input voltage and fixed 9 output voltage (±BUS=±380V DC) was designed based on a high power factor pre-regular UC3854, which can control the input power factor (PF) of the AC/DC boost PWM rectifier to be close to 1, the THD of the input current less than 5%, and the frequency band of its current amplifier to be wide by adopting the average current control and constant frequency control. Fig. 5 shows the single-phase active PFC AC/DC rectifier and its working pattern. The operational frequency of UC3854 is 100 kHz.
[ In this UPS hybrid system, for the needs of theoretical analysis, experimental study and practical product development, a passive connection diagram is designed similar to the actual one by implementing a device connecting the PEMFC and battery [12, 13] , as shown in Fig. 8 . When the utility grid power fails and the PEMFC supplies the UPS hybrid system in the normal mode, the PEMFC can also charge the battery if the battery voltage is less than the rated value.
[ Fig. 8 . Schematic diagram of connection between PEMFC and battery]
Intelligent Network and Control
Concepts of intelligent network UPS
11
Besides the normal ones, the developed intelligent UPS hybrid system has the following functions:
( 
New concepts of intelligent controller
In the developed UPS hybrid system, the intelligent controller is designed based on The intelligent controller can determine the charging mode of the battery. When the utility grid power source is in the normal state, the AC/DC charger works if the battery voltage is lower than the rated value. If the utility grid power source is interrupted, the controller makes the PEMFC to charge the battery when necessary.
Network communications
The operational status and activity of the traditional UPS system can be transmitted to 13 remote monitoring stations and critical load equipments. Volt-free contacts are usually used for providing simple status information, while an RS-232 serial or USB connection for more detailed information. With the help of an SNMP adaptor, the detailed information can be sent directly to a computer network, enabling information management and shutdown action across the network [14] . The designed software for the intelligent network UPS power management can make the UPS hybrid system become a network peripheral device and automatically shut down in the following three stages:
Experimental Setup and Results
Experimental setup
The experimental setup consists of a UPS hybrid system and its intelligent controller, and anode. The output of the UPS is connected to a lamp load that is used in a constant voltage mode. All physical parameters such as currents and voltages of the UPS hybrid system, the PEMFC stack and battery, the gas mass flow of the hydrogen, the pressure, relative humidity and temperatures of air and hydrogen are recorded with the data-acquisition devices. Fig. 9 shows a photo of the experimental setup.
[ Fig. 9 . Photo of the experimental setup] 
Experimental results
The experimental test and analysis have been carried out on the PEMFC generating system and intelligent network UPS hybrid system. There are three stages of experimental tests and analyses in the UPS hybrid system. At the first stage, the voltage-current and power-current performances of the FEMFC are measured by varying slowly the load with a rheostat. At the second stage, the proposed intelligent control strategy of the PEMFC stack is employed when the utility grid power is interrupted. In the final stage, the performances of the UPS hybrid system are measured with the load of a lamp box and a DELL type of PC computer. The UPS system is connected to the network by RS-232 interface or USB connection as shown in the screen interface in Fig. 10 .
[ Fig. 10 . Network UPS hybrid system interface]
PEMFC stack tests
Based on the developed PEMFC generating and testing system, the performances of the PEMFC stack are tested, including voltage-current, power-current, temperature-current, voltage-cell, and etc. Fig. 11 shows the measured voltage-current and power-current curves. 
Intelligent control strategy tests
The proposed intelligent control strategy has been implemented in the PEMFC test system. When the utility grid power is interrupted, the intelligent controller makes the battery supply the UPS hybrid system and starts up the PEMFC stack, as illustrates in 
